Abstract Rock fractures transmit underground gas effectively once they have sufficient widths and interconnection. However, the fracture geometries needed for gas transport are strongly influenced by surrounding pressure conditions. In order to inspect and quantify the influence of surrounding pressure, we design and manufacture a set of gas flow apparatus that can be connected to the MTS815 material testing system, which provides loads and exhibits external pressures in the experiment. With the apparatus and MTS815, we test the fractured samples of sandstone and coal and obtain their relationship between permeability and external pressure. In particular, our permeability calculation based on collection of gas flux and pressure difference has involved the influence of non-Darcian flow. In addition, our study also includes a numerical simulation in the RFPA software platform to display the internal field changes of cracks. The results show that fracture permeability strongly depends on confining pressure, and a critical pressure probably occurs, about 1.5-2 MPa in our experiments, to split each of the permeability curves into two stages, a slow climb and an exponential rush. As a complement, the numerical simulation also demonstrates one more stage for the permeability curve, the post-rush steady fluctuation.
Introduction
Fractured rocks are important natural and engineering porous media. However, so far, most research about the flow in rocks only involves undamaged rocks because the flow characteristics in them are more regular and the experiment methods are also relatively simple (Biot 1941; Gong and Xie 1989; Bear and Bachmat 1990; Boer and Ehlers 1990; Smeulders et al. 1992; Springer et al. 1998; Thauvin and Mohanty 1998) .
Measuring the flow in fractured rocks can be traced to Lomize's 1951 study in which a parallel-plates model was put forward to simulate the fluid flow in fractures (Witherspoon 1977) . After that, researchers also suggested many other approximate models or approaches such as the fracture-geometries measurement, nail-plates similarity, cavity similarity, cavity-lumps model, shear-flow coupling, electrical-resistivity method, transient-pressure testing and steady-flow testing (Snow 1968; Gangi 1978; Walsh 1979; Tsang and Witherspoon 1981; Liu et al. 2003) . Recently, Miao et al. (2004) specially built a hollow cylinder apparatus to measure water flow passing through accumulating rock blocks in a deformation-restricted condition, their study involving the non-Darcian flow.
In order to monitor gas flow in fractured porous media, Somerton et al. (1975) have developed an indirect sonic-velocity evaluation technique to measure coal specimen permeability of nitrogen or methane gas, as well as its stress-dependent effects. In addition, Gascoyne and Wuschke (1997) conducted a point-station survey, by collecting gas flow velocity and arrival time at fixed points, to investigate helium gas transport through a water-saturated granitic fracture zone at about 40-m deep underground. Leven et al. (2004) built a single well/hole method, by measuring pneumatic discharge of pressure and flux through a pre-bored well/hole, to provide an insight into processes of air flow occurring in unsaturated fractured sandstone blocks. Of late, Davy et al. (2007) have tried combining external pressure change with fracture permeability measurement. They employed steady-flow and transientpressure methods for Argon gas and water testings, respectively. However, their permeability was not calculated from gas flow data, but from the difference of specimen diameters for two different external pressures.
Since external confining pressure can dominate fractures' permeability and furthermore gas flow through fractures has a distinct non-Darcian behavior (Miao et al. 2004) , in this article, we will introduce the non-Darcian condition in measuring, calculating, and quantifying the influence of external pressure change on fractures gas permeability. The study includes to design and manufacture a set of gas flow apparatus that can be connected to the MTS815 material testing system, to pre-compress (to the peak stress) and seal the samples of sandstone and coal which are usual rock materials in petroleum or mining engineering, to deduce a non-Darcian permeability equation and summarize the relationship between external confining pressure and fracture permeability, and to numerically simulate gas flow in fractures under external pressure change and complement the permeability-confinement-dependent conclusion.
Experiment System and Non-Darcian Approach
The MTS loading machine and a self-made gas flow apparatus are two major components in our testing system. Figures 1 and 2 , respectively, illustrate the system connection and principle. The gas flow apparatus is composed of a gas cylinder, a relief valve, flux meters, a fractured specimen, pressure difference meters, digital display attachments, high-pressure pipes, gas accumulator, etc. It produces only 5% pressure drop for a 5 MPa gas per 10 min. The MTS815 can independently accomplish water seepage testing under both uniaxial and triaxial conditions; however, without a gas flow auxiliary apparatus, it cannot realize gas seepage testing. The designed and machined unique high-pressure joints for interconnection of gas pipes and MTS water pipes are also key components of the system. Table 1 gives the testing specification of the entire system. Sample raw materials are sandstone and coal blocks collected from about −300 m strata of Huainan-Guqiao mine. They are machined into cylinders of 50 mm diameter and 100 mm length according to the international standard (ISO22475-1:2006). Before seepage testing, these cylinders must undergo uniaxial compression until the stresses start to generate macro cracks-this condition is termed as the peak stress (Figs. 3, 4) . The averaged strengths of samples are about 30 MPa for sandstone and 12 MPa for coal. After pre-fractured, the specimens are circumferentially sealed in PVC bands and thermoshrinking plastic covers, fixed onto the MTS testing platform, and then changing side pressures as well as constant axial loads are applied (Fig. 5 ).
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Since cracks have relatively high permeabilities (Leven et al. 2004; Miao et al. 2004 ), the steady-flow method is selected here, and specimen dimensions, flux, and seepage pressure difference between input and output must be measured for calculating the permeability. The Non-Darcian permeability equation is deduced as follows.
For an one-dimensional non-Darcian flow, the relationship between pressure and flow velocity can be expressed as
where d p/dx is the pressure gradient, V is the seepage velocity, μ is the kinetic viscosity, k is the permeability, ρ is the mass density, and β is the non-Darcy factor. If a steady flow dominates testing, Eq. 1 can be simplified to where variables with primes correspond to another group of measurements for the same specimen.
The testing gas is nitrogen gas with μ = 0.176 × 10 −4 Pa s and ρ = 1.16 kg/m 3 at the standard state. In order to obtain stable readings, we arrange gas flow measuring after the axial load and confining pressure are both paused at fixed levels, in other words, load change and gas flow, respectively, belong to two different testing stages. Figure 6 is the entire experiment procedure. 
Testing Results and Permeability-confinement Relationship
In the experiment, the axial load for testing of sandstone permeability is fixed at 5 MPa, and then, the confining side pressure is unloaded from 5 to 1 MPa in four uniform steps. Coal specimens have the fixed axial load of 3 MPa and confining pressure reduced from 3 to 1 MPa in 0.5 MPa increment. Tables 2, 3 , 4, and 5 and the upper five rows in Table 6 show testing results and permeabilities calculated from Eq. 3. Figures 7, 8, 9 , and 10 and Line 1 in Fig. 11 are permeability-confinement curves.
In Tables 2, 3 , 4, 5, and 6, it is found that all specimens gain permeability, as confining pressures are reduced. Moreover, Figures 7, 8, 9 , 10, and 11 illustrate that these permeability increases can be divided into two stages, a slow power-functional climb and an exponential rush. Tables and figures also exhibit that the critical confining pressures for climb-rush shifts are located at 1.5-2 MPa or so for almost all our specimens.
Undoubtedly, crack recovery and widening due to surrounding pressure decrease contribute mostly to permeability growth. An exception is the abnormal drop in permeability at a Fig. 7 Gas permeabilities of the sandstone Sample 1 during side unloading confining pressure of 1.5 MPa in Table 4 . This is probably the consequence of gravel particle accumulation in widened fractures and restricting flow. At the critical pressure, isolated cracks are able to complete the transformation from self-expansion to interconnection, and so permeability rapidly grows. In addition, compared with sandstone, coal seems to have a less distinct critical pressure. A rational explanation is that coal samples suffer more serious damage at the peak-value stress and thereby generate many more cracks that increase permeability before unloading. Since sandstone and coal are applied with different maximum confining pressures, we further define a relative unloading rate, the ratio of total pressure drop to the maximum pressure, to clearly compare permeability sensitivity to unloading (see Table 7 ). The results show that at the unloading beginning (unloading rates 17-20%), coal permeabilities have a little more sensitive reaction than sandstone ones, averagely exceeding by about 4%; reversely, at high unloading rates (67-80%), sandstone specimens gain permeability much more rapidly, almost double the biggest increment of coal permeability. In order to investigate the impact of a load cycle on permeability, we reload 1-3 MPa confining pressure on the coal Sample 3 after unloading of 3-1 MPa. Table 6 and Fig. 11 display the entire permeability changes throughout this load cycle. During unloading, Sample 3 has the same permeability feature as Samples 1 and 2, i.e., two characteristic stages. However, during reloading, permeability declines nearly in a straight line (R 2 = 0.9991). This is probably because the loading-unloading-reloading course generates abundant and extensive distributed cracks in the samples, so that cracks can gradually get interconnected 
, where k 0 is the permeability at no unloading and thereby permeability increases more smoothly. It is this uniform permeability growth that contributes to the linear relationship.
RFPA Numerical Simulations
In order to support the experimental results and enrich analysis, we employ the numerical software RFPA (see http://www.rfpa.cn/en/e_index.jsp) to simulate fracture gas seepage in the same conditions. RFPA is a FEM-based program in which both, strength/modulus degradation due to solid damage and solid-gas interaction, are simulated. In addition, the Weibull function and Monte-Carlo method are also applied to accomplish heterogeneous distribution of material properties in the model domain. Equations 4-6 are the governing equations for property distributing, material weakening, and state coupling, respectively.
where θ represents an arbitrary material parameter such as seepage coefficient, θ 0 is its mean, and m is the heterogeneity coefficient. Material properties become more and more heterogeneous as m increases.
where κ is the Lamé constant, G is the shearing modulus, ε v is the volume strain, D(0 ≤ D ≤ 1) is the damage factor, λ = k/2μP 0 is the gas seepage coefficient, P 0 is a unit standard atmospheric pressure, λ 0 is the gas seepage coefficient at no material damage, ξ(D) is the magnification coefficient depending on D, δ is the coupling factor, σ 1 is the maximum principal stress, α is the effective stress coefficient, and p is the gas pressure.
where n is the porosity, u is the displacement, and F i is the volume force density. In order to accord with the experimental specimen, the numerical model's domain is 100 mm long and 25 mm wide in axisymmetry. Figure 12 displays the model outline and 123 Fig. 12 Numerical model of fracture gas seepage with side unloading axial load high gas pressure low gas pressure confining pressure gas proof gas proof its boundary conditions and Table 8 lists the main calculating parameters. In calculation, the model is meshed into 100 × 25 four-node rectangular elements. The calculated results corresponding to a cracked coal sample is shown in Fig. 13 .
As shown in Eq. 5 or 6, the outputs of RFPA do not include permeability k, but gas seepage coefficient λ instead. However, λ = k/2μP 0 , and μ and P 0 are constants, and so gas seepage coefficient and permeability have similar pressure-dependent relationships. Therefore, the following discussion does not distinguish between them. Figure 13 illustrates that during unloading from 3 to 1 MPa, permeability/gas seepage coefficient calculated from the model have similar behavior to that produced from the experiment. The simulations also suggest that unloading from 1 MPa or less can lead to a fluctuation of permeability. The fluctuation is a small-scale perturbation of about 5% of the approximately constant value of 14 m 2 MPa d −1 seepage coefficient at confining pressures much less than the injecting gas pressure 1 MPa. In order to explain this phenomenon, we try altering the values of injecting gas pressure from 2 to 1 MPa and to 0.5 MPa along with no change of exit pressure of 0.1 MPa and find that the perturbations can always appear, and furthermore start later and later as the gas pressure decreases. As a rational explanation, the appearance of the perturbations is probably based on a kind of inter-feedback: first, high gas pressures may overweigh confining pressures and consequently increase permeability by dilating fractures; inversely, permeability upgrading may accelerate delivering gas to the exit of low pressure and thereby relieve action of high pressure in fractures, leading to shrinking of fractures and decreasing of permeability. No perturbation in the experiments is because the experimental gas pressures are far less than side-confining loads.
Conclusions
We studied the impact of variable confining pressure on gas permeability of rock fractures by developing an experiment based on a self-designed gas flow apparatus, the MTS system, and a non-Darcian testing method. Simulations of these experiments were carried out by employing the RFPA numerical software. The main conclusions are as follows.
(1) As confining pressure is gradually reduced, the gas permeability of rock fractures increases, and the increase can be divided into two stages-slow power-functional increase and exponential rush. In our experiment, 1.5-2 MPa is a critical pressure for the division of these stages, and furthermore, the critical pressure for sandstone is more distinct than that for coal. (2) Compared with those of sandstone, fractured samples of coal react and increase permeability more quickly at the beginning of unloading. However, after full unloading, the total permeability increment of a sandstone sample is more than that of a coal sample. If a fractured specimen undergoes reloading after unloading, with the load increased, the permeability almost linearly decreases. (3) Numerical simulation also indicates that permeability increase includes first slow climb and then sudden rush. Moreover, the simulation suggests a small-scale steady fluctuation appearing after the rush stage, and the fluctuation range is about 5% of the seepage coefficient.
